Introduction

Materials and methods
Tpallidum attaches to a variety of mammalian cells, thereby enhancing its own survivall 2 and cultivation of T pallidum in vitro using different tissue-culture systems has been reported.3 4 A relationship between attachment and the pathogenicity of Tpallidum has been suggested5 and the attachment process appears to require both actively metabolising host cells and viable treponemes. 6 Only virulent treponemes can attach to host cells, such attachment probably being the initial step in infection. ' Fieldsteel et all observed that only treponemes attached to mammalian cells were able to multiply in vitro. Thus, studies of attachment of treponemes to host cells may extend our understanding of the pathogenesis and host-parasite interaction in syphilis and facilitate the successful subculture of Tpallidum in vitro. In this study different factors affecting the attachment of Tpallidum to tissue culture cells were investigated.
described.8 Treponemes were extracted anaerobically9 and centrifuged at 1000 x g for 10 minutes to remove rabbit testicular cells and erythrocytes. The concentration of T pallidum was determined by enumeration in a bacterial counting chamber using dark-field microscopy.
ISOLATION AND MAINTENANCE OF TISSUE-CULTURE CELLS
Six different cell lines were used for comparison of T pallidum attachment. Primary baby rabbit genital organ (BRGO) and adult rabbit testicular (RT) cell cultures were propagated in our laboratory. The tissues were cut, minced, and stirred in phosphatebuffered saline (PBS) containing 0 025% trypsin (Sigma) and 100 U/ml of penicillin and streptomycin (Glaxo) at 37°C for 30 minutes. The cells were collected, centrifuged at 1000 x g for 10 minutes, and resuspended in Eagle's minimal essential medium FCS without antibiotics at 34°C and the medium changed every three days. The confluent monolayers were subcultured using PBS containing 0-025% trypsin and 0 001I% ethylenediamine tetra-acetic acid (Sigma) to remove cells from the glass.
The baby hamster kidney (BHK) cell line was a gift from Mr K Stuckly, Department of Microbiology, Monash University. Three human tumour cell lines, skin tumour (C76/203), colon tumour (HT29), and breast tumour (MCF-7), were gifts from Professor E A V Pihl, Department of Pathology and Immunology, Monash University. All cell lines were maintained in EMEM with 10% FCS and 10 mmol/l HEPES without antibiotics. Carbon dioxide and sodium bicarbonate were not used for maintenance of cell lines or for co-incubation of Tpallidum with tissue culture cells.'0 EMEM with 10% FCS, 10 mmol/l HEPES, and 0 5 mmol/l dithiothreitol (DTT) was used for all experiments unless otherwise specified.
CO-INCUBATION OF T PALLIDUM AND CULTURED CELLS
Mammalian cells (1 -5 x 104) were seeded into Leighton tubes containing a coverslip (8 x 32 mm) one or two days before experimental use. Cells were then washed twice with medium before inoculation with T pallidum. Co-incubation was carried out at 34°C under aerobic (21% 02), microaerophilic (3% 02), or anaerobic conditions, the latter two as described.8
DETERMINATION OF TREPONEMAL VIABILITY AND NUMBER OF ATTACHED TREPONEMES PER MAMMALIAN CELL
Survival of treponemes was determined by their retention of motility and virulence, the latter measured by rabbit inoculation. Approximately 100 treponemes randomly selected from duplicate or triplicate tubes were examined by dark-field microscopy to determine the percentage of motile treponemes in the sample. At defined times coverslips were removed from Leighton tubes and the total treponemes per cell were counted using dark-field microscopy. Approximately 20 to 40 mammalian cells in duplicate or triplicate samples were counted. To obtain treponemes for virulence testing unattached treponemes were separated from cell-attached treponemes by removing the medium above the monolayer, which then contained the unattached treponemes. The tubes with treponemes attached to tissue culture cells were then washed twice with medium which was pooled with the previous medium. The tissue-culture cells were removed from the glass by the addition of fresh medium and gentle scraping with a rubber policeman. The suspension was pipetted several times in a l-ml pipette to break up the cell clumps and detach treponemes from the tissue-culture cells. Under dark-field microscopy treponemes were seen to be no longer attached to the tissue-culture cells. These suspensions were centrifuged at 1000 x g for 10 minutes to sediment the mammalian cells. The previously cell-associated treponemes, now in the supernatant, were counted and the concentrations of free and previously attached treponemes in the two suspensions were equalised before testing for virulence in rabbits.8 After intradermal inoculation the latent period for lesion development is inversely proportional to the number of virulent T pallidum present in the injected sample." A shorter latent period indicated that a greater number of virulent T pallidum were injected into the rabbit than in the case of a longer latent period. Student's t test was used to compare differences. Differences between experimental groups were considered to be significant if p was less than 0 05. 3a) . There was approximately a 6007o difference in percentage motility between attached and free treponemes after 96 hours in vitro. When the virulence of free and attached treponemes was compared the latent periods for syphilitic lesion development in rabbits were significantly shorter (p<Ol001) for attached treponemes compared with unattached treponemes after both 72 and 96 hours in vitro (fig 3b) . Attached treponemes survived significantly longer than unattached treponemes, indicating that direct attachment of the treponemes to the host cells enhanced the survival of Tpallidum.
Results
COMPARISON OF MAMMALIAN CELL LINES FOR
EFFECT OF AEROBIC, MICROAEROPHILIC, AND ANAEROBIC CONDITIONS ON THE ATTACHMENT OF TREPONEMES TO BRGO CELLS
T pallidum has been considered to be either an anaerobe,'5 an aerobe,'6 or a microaerophile.'7 The effect of these various environments on the attachment of treponemes to BRGO cells (fig 4b) and the retention of treponemal motility in the presence of BRGO cells (fig 4a) was studied. Under aerobic conditions the number of treponemes per cell was maximal after 2-4 hours' co-inzubation but dropped rapidly with time and finally maintained a plateau even when all treponemes (attached and unattached) were no longer motile.
Under anaerobic and microaerophilic conditions the extent of adherence increased with time to a maximum at between 24 and 96 hours. It was, however, significantly higher (p<O 001) anaerobically than microaerophilically after 96 hours' incubation (fig 4b) . The greatest percentage motility retention of treponemes occurred under anaerobic conditions followed by microaerophilic conditions. Aerobic retention of motility was poor and the fall in percentage motility paralleled the fall in the number of treponemes per cell. This result supports the hypothesis that T pallidum is extremely sensitive to oxygen toxicity9 and that the extent of host celladherence is dependent on the viability of the treponemes. EFFECT (fig 5) , probably owing to the higher percentage motility of treponemes under microaerophilic than aerobic conditions. Hence, the degree of attachment of treponemes to tissue cells seems to be a linear function of the concentration of viable treponemes in the inoculum, within the range of concentrations studied.
EFFECT OF AGE OF BRGO CELLS ON THE ATTACHMENT OF TREPONEMES
BRGO cell monolayers at different levels of confluency (and hence different growth rates) were prepared by inoculating Leighton tubes with I04 cells and incubating for between one and six days before inoculation with Tpallidum. The metabolism of the BRGO cells varied from rapid growth in 2-3 days after seeding to slow growth in 4-6 days after seeding. The cells were approximately 15%, 25%, 50%, 75%, and 100070 confluent at one, two, three, four, and six days respectively after seeding. Significantly greater (p<O 001) numbers of treponemes attached to cells at low densities than to cells near confluency under both aerobic and microaerophilic conditions (fig 6) . These data suggest that Tpallidum preferentially attach to metabolically active host cells.
EFFECT OF DIFFERENT BRGO CELL DENSITIES ON THE ATTACHMENT OF TREPONEMES
To test further whether attachment was dependent on host metabolic state different growth rates of BRGO cells were obtained by seeding the Leighton tubes with different numbers of cells (103 to 105/tube). After 1-2 days' incubation at 37°C tubes seeded at the higher densities were nearly 100%o confluent while tubes seeded at lower densities were still actively growing. The cell monolayers were approximately 207o, 40%, 60%, or 100%7o confluent after seeding with either 103, 2 and 10 mmol/l HEPES compared with other media (fig 2) . It is possible that BRGO cells, which were originally isolated and maintained in EMEM, were not well adapted to other culture media. Alternatively, T pallidum may survive better in EMEM than in other tissue culture media. In the recent in-vitro cultivation of Tpallidum with rabbit epithelial cells in culture4 the medium was EMEM.
DTT (O0 25-I 0 mmol/l) had no effect on the attachment of T pallidum to BRGO cells although more treponemes attached to cells without DTT during the first hour of co-incubation. Previously DTT was found to decrease DNA synthesis of BRGO cells by 55% (Wong et al, unpublished data). Peterkofsky and Prather'4 found that DTT inhibited the growth of chick embryo fibroblasts by 52% within 24 hours, and other reducing agents such as ascorbate, glutathione, and cysteine were even more toxic to tissue-culture cells than DTT. Glutathione, cysteine, and DTT also inhibited the response of nerve cells in host cell surface before the treponemes can divide. If this is the case, one of the newly divided treponemes will still attach to the host cell by one end, while the other will be set free or be attached to another site on the host cell after division. This process may be the method by which Tpallidum multiplies in vivo' and in vitro. 4 Hence, tissue culture may well be essential for successful cultivation and subculture of Tpallidum in vitro. The superior survival of attached compared with unattached treponemes may also be due to direct uptake of essential nutrients or growth factors from the host cells or to reduction of oxygen toxicity by oxygen-protective enzymes present in the tissueculture cells (Steiner et hours' aerobic co-incubation all the treponemes were non-motile and the degree of cell adherence fell (fig 4) . T pallidum maintained a higher percentage motility under both microaerophilic and anaerobic conditions and the extent of cell adherence increased during the first 24 hours (fig 4) . 
